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ABSTRACT 
 
 
In this thesis quantum chemical methods have been applied to study the tribology of 
methylated diamond and cubic and hexagonal boron nitride. Interaction energies between 
surfaces have been calculated from which friction coefficients are derived. The influence 
of the size and the nature of the model representing the surface have been examined.  
 
The use of periodic models for friction studies has been shown to have significant 
advantages. Periodic models circumvent the difficulties typical to cluster models and 
produce friction coefficients in close agreement with experimental studies. The studied 
case of ice-Ih sliding on hexagonal boron nitride represents a novel application of periodic 
quantum chemical methods for heterogeneous friction system. Tribochemical reactions 
were found to occur in methylated diamond on methylated diamond and in ice-Ih on 
hexagonal boron nitride sliding. B3LYP method was shown to be appropriate for friction 
and tribochemical reaction studies. 
 
The studies of diamond, cubic boron nitride and hexagonal boron nitride yielded atomic 
level information of friction and tribochemical reactions. Such information can be applied 
to design surfaces with tailored frictional properties and choosing proper materials for 
frictional systems. 
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1. INTRODUCTION 
 
 
1.1 TRIBOLOGY 
 
 
Knowledge of tribology – the science of friction, wear and lubrication of materials – is of 
importance to many thechnological applications. General knowledge of tribology of 
interacting metal surfaces is extensive.1–2 Development of car engines has, during the last 
century, produced much information on engine lubrication, protective surface coatings and 
metal alloys and bridging the gap between macro– and micro/nanotribology. In contrast to 
friction of metals, the knowledge of tribology between non–metals and polymers is just 
developing. Within the last decades, new composite materials have been developed 
together with new polymer materials. Friction, wear and lubrication of these materials3 
differ significantly from metals and there is increasing tendency to replace metallic 
components of machines with polymeric components. From this point of view, 
understanding of tribology of non–metals and polymers is needed. Usually it is necessary 
to combine tribological information of friction, wear and lubrication to get the best 
possible tribological charasterictics. 
 
Tribology can be studied at macro level using several different experimental techniques.1 
Friction and lubrication measurements are based on sliding, and measuring wear is based 
on mass loss of the tested material. On the micro scale, tribological properties of materials 
can be observed experimentally using a Surface Forces Apparatus (SFA) and different type 
of microscopies e.g. Atom Force Microscope (AFM) and Friction Force Microscope 
(FFM). Knowledge of atom-scale tribology can be obtained on theoretical basis by 
molecular dynamics (MD)3–17 simulations and quantum chemical calculations.18–23  
 
Diamond surfaces have been of special interest in molecular dynamics studies.4–17 The 
focus of the investigations has been in the understanding of mechanical properties such as 
elastic constants5 and origin of friction.4–17 More complicated tribological phenomena, such 
as adhesion,4,7 wear6–7,14 and lubrication16–17 have been considered as well. Theoretically 
predicted properties are generally in good agreement with experiments. 
 
Quantum chemical calculations of atom scale tribology have focused on studying 
interactions between molecules and/or surfaces. 18–23 After the introduction of the theory 
for atom scale friction,24–27 frictional studies with diamond and graphite surfaces have been 
carried out.19,21–23 Cluster models are generally applied and the acquired friction 
coefficients are in good agreement with MD and experimental studies. Reports of 
tribochemical reactions are rarely found in theoretical studies. 
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1.2 FRICTION 
 
 
In the classical approach, frictional force is found to be proportional to load (equation 1), 
which can be expressed as  
 
,
N
f
f
f
=m                                                                       (1) 
 
where m is coefficient of friction, ff is the force exerted by friction and fN is the normal 
force exerted between the surfaces.28 The law is derived from experimental macro-scale 
measurements and ignores complicated interactions between surfaces such as adhesion.29 
 
In general, friction at the atomic scale is derived from interactions between sliding 
surfaces.24–27 Friction coefficient at atomic scale (equation 2),  
 
,max
xf
V
extD
D
=m                                                                     (2) 
 
is a function of maximum potential energy difference DVmax in sliding path, lateral distance 
Dx between the minimum and maximum sites and external force fext.  For a comprehensive 
picture of overall friction, all sliding directions should be taken into account and averaged 
to obtain friction coefficient. An alternative is to find a sliding path which includes the 
interaction energy minimum and maximum.27 
 
 
1.3 DIAMOND AND BORON NITRIDE 
 
 
Diamond30 and cubic boron nitride (c-BN) 31–32 have sp3 hybridization and are known as 
ultra-hard materials. Both materials are commonly used as coating materials for tools and 
cutting edges and additionally, diamond is used for artificial joints and bearings.33 
Vulnerability to react with iron and oxidation (at temperatures above 650 °C for natural 
diamond) are well-known drawbacks concerning the applications of diamond.30,33 Cubic-
BN does not dissolve in iron, and it can be applied at higher temperatures than diamond.33 
The analogy between boron nitride and carbon compounds does not end in diamond and c-
BN. Hexagonal boron nitride (h-BN) is a sp2 hybridized structure equivalent to graphite, 
and over the past ten years, structural boron nitride analogues of nanotubes34–37 and 
nanoballs have been found.38  
 
In the Mohs scale of hardness, diamond has value of 10, being one of the hardest known 
materials.30,33 One cleavage plane is favored, namely (111).30 In general, friction between 
diamond surfaces is low, as is wear. This is explained by two factors, micro-scale wear of 
diamond surfaces39–53 and the chemical inertness of diamond.54–57 However, the friction 
coefficients measured for diamond depend heavily on the environment. In open air, friction 
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coefficients are in the range of 0.02–0.05, but increase of more than one order of 
magnitude has been observed in ultrahigh vacuum (UHV).33 Adsorption of gaseous 
species, such as water and oxygen, on the diamond surface is believed to be the reason 
why diamond does not need lubrication in open air. There are many applications for 
industrial diamonds such as in electronics, optics and coatings. Diamond thin films are 
used to reduce friction and wear and to prolong the lifetime of the substrate.30,58 High 
pressure / high temperature (HPHT), chemical vapour deposition (CVD) and physical 
vapour deposition (PVD) have been used as manufacturing methods for industrial 
diamonds.30  
 
Cubic boron nitride has many similarities to diamond and it is commercially used in 
similar applications. Because c-BN is almost as hard as diamond, it is used as a coating 
material to prolong the service life of tools.59–61 In practice, there are some difficulties to 
produce sufficiently dense and thick coatings. Several strategies have been used for 
improving the quality of c-BN coatings, including theoretical studies to improve deposition 
methods.62–75 Compared to diamond, which is commonly found as a coating material of 
tools, c-BN coatings are relatively rare. Like diamond, c-BN is produced by HPHT and 
deposition methods.33 
 
Hexagonal boron nitride has a graphite-like layered structure. It is synthesized from 
borazine by polymerization process.76 Sometimes labeled as white graphite, it is used in 
several applications, such as a protective layer on surfaces, 77–84 as a substrate,85–90 as an 
additive in engine oils and plastics91–94 and as a solid lubricant.95 In cases where h-BN is in 
sliding contact and water is present, tribochemical reactions are observed as well as 
decrease in the friction coefficient.96–99 
 
 
1.4 AIMS OF THE STUDY 
 
 
The aim of this thesis is to use quantum chemical methods for the understanding of atomic 
scale tribology of diamond and boron nitride. Comparison between the friction coefficients 
derived from atomic scale to those from experimental studies and possible tribochemical 
reactions between surfaces are of interest. Periodic models are explored as an alternative to 
conventional cluster techniques. 
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2. SURFACE MODELS FOR TRIBOLOGY STUDIES 
 
 
The choice of the surface model representing the real surface is the starting point for 
quantum chemical surface studies. Two families of models are typically employed: cluster 
models and periodic models. Cluster models are molecules of variable size having edges 
frozen to represent the structure of the surface. Periodic models, in turn, represent the 
infinite surface, hence having no edges. 
 
 
Methylated diamond 
 
 
In diamond studies, cluster models were applied. A (111) monolayer was cut from the 
crystal structure of diamond, from which two surface models were constructed. Both 
surfaces were fully hydrogenated to represent a natural diamond surface. A methyl group 
was attached to the carbon atom in the center of the surface to represent adsorbed methyl 
in the CVD process.100 The constructed surfaces were duplicated, resulting in surface 
models C28H48 and C46H72, which are presented in Figure 1. 
 
 
Figure 1. Side view of the methylated diamond surface models C28H48 and C46H72. Carbon 
atoms are colored grey and hydrogens white. 
 
 
Cubic boron nitride 
 
 
In the c-BN studies, two cluster models and a periodic model were applied. Initially, the 
structure of a periodic (111) monolayer of c-BN was optimized. Two clusters were cut 
from the optimized sheet, and were fully hydrogenated. The clusters, together with the 
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periodic sheet, were duplicated, resulting in B6N6H24 and B24N24H72 cluster models and a 
BxNxH2x periodic model (Figure 2).  
 
 
 
Figure 2. Top and side views of the c-BN surface models B6N6H24, B24N24H72 and 
BxNxH2x. Boron atoms are colored pink, nitrogens blue and hydrogens white. 
 
 
Hexagonal boron nitride 
 
 
The starting point for the study of hexagonal boron nitride was the planar, D3h-symmetric 
borazine molecule (B3N3H6). The larger D3h-symmetric molecules were derived by adding 
six-membered rings around the central borazine, followed by termination of the edge 
atoms with hydrogens. A periodic monolayer sheet of h-BN was included in the study, as 
well. The structures of the planar molecules and the periodic sheet were optimized, and the 
optimized planes were duplicated, producing surface models B6N6H12, B24N24H24, 
B54N54H36, B96N96H48 and BxNx (Figure 3). 
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Figure 3. Top and side views of h-BN surface models B6N6H12, B24N24H24, B54N54H36, 
B96N96H48 and BxNx. Boron atoms are colored pink, nitrogens blue and hydrogens white. 
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Ice-Ih on hexagonal boron nitride 
 
 
Periodic models were applied to study ice-Ih on h-BN. The structure of h-BN monolayer 
was optimized while the structure of ice-Ih was taken from its crystal lattice.101 A (001) 
layer was cut from the crystal structure of ice, and this layer was placed above the h-BN 
monolayer (Figure 4). Six H2O molecules and nine BN units occupy roughly the same 
space and form a periodic unit cell. 
 
 
 
Figure 4. Top and side views of ice-Ih on h-BN. Boron atoms are colored pink, nitrogens 
blue, oxygens red and hydrogens white. 
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3. COMPUTATIONAL DETAILS 
 
 
Quantum chemical methods were applied throughout the work. All calculations of friction 
and tribochemical reactions were carried out by the hybrid density functional B3LYP 
method.102-103 In the case of methylated diamond surfaces and hexagonal boron nitride, the 
B3LYP calculations were preceded by preliminary studies at HF/3-21G level of theory. 
For methylated diamond surfaces, the standard 6-31G* basis set was used in conjunction 
with the B3LYP method. Optimized basis sets were necessary in the rest of the studies, 
where periodic models were employed. The basis sets used for boron and nitrogen were  
modified versions of the standard 6-21G* basis sets, with the outer sp exponents optimized 
for boron nitride.104 For oxygen and hydrogen, the standard 6-31G* basis set was applied. 
The applied methods and basis sets are summarized in Table 1. For the cluster models, the 
basis set superposition error was corrected by the counterpoise method.105 The calculations 
on methylated diamond surfaces were carried out by the Gaussian 98 quantum chemical 
software.106 All other calculations, including the molecular and periodic ones, were 
performed by Gaussian 03.107 
 
A disadvantage of the density functional theory, including the applied B3LYP method, is 
the inadequate description of dispersive interactions.108 Hence, the B3LYP method cannot 
be expected to accurately produce the attractive interactions between the surfaces. 
Considering the friction coefficient, which is derived from interaction energies, this is not a 
severe problem. For calculation of friction coefficients, the attractive region is omitted, 
since the potential energy increase must be equal to or exceed the friction losses.24 The 
dispersive interaction would be more accurately obtainable by the MP2 level theory. 
Periodic MP2 calculations, however, are generally unavailable. The MP2 method would 
also be unpractical for cluster models of this size. 
 
In the case of the methylated diamond surfaces, the methyl groups, the central carbon, the 
three carbons bound to the central carbon and the interplanar hydrogens were allowed to 
relax. Other atoms were frozen, representing the diamond lattice. In friction studies of c-
BN, the interplanar hydrogens were relaxed while boron and nitrogen atoms were frozen, 
whereas in h-BN, all atoms were frozen during squeezing and sliding. For ice-Ih on h-BN, 
hydrogens of H2O closest to the h-BN surface were relaxed. 
 
Table 1. Summary of methods and basis sets applied for elements in publications I–IV.  
 
 I II III IV 
H, C HF/3-21G 
B3LYP/6-31G* 
HF/3-21G 
B3LYP/6-31G*  
B3LYP/6-31G* B3LYP/6-31G* 
B,N - HF/3-21G 
B3LYP/6-21G* 
B3LYP/6-21G* B3LYP/6-21G* 
O - - - B3LYP/6-31G* 
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4. FRICTION BETWEEN SURFACES 
 
 
4.1 CUBIC BORON NITRIDEIII 
 
 
Due to a diamond-like structure, a total of six juxtapositions and their three orientations are 
relevant for two interacting c-BN surfaces (Figure 5). The juxtapositions are labeled as a 
and b for B–B facing, c and d for B–N facing and e and f for N–N facing. The numbers 1, 
2 and 3 describe the orientations of the surfaces during sliding. Juxtapositions b, d, and f 
are 60º rotations of a, c, and e, respectively. Lateral displacement of 150 pm towards the 
left from orientation 1 produces orientation 2; orientation 3 is a result from lateral 
displacement of 150 pm towards the right from orientation 1. Note that juxtapositions a2 
and a3 together with e2 and e3 are equivalent due to the symmetry. 
 
 
Figure 5. The relevant juxtapositions (letters) and orientations (numbers) of two 
interacting c-BN surfaces. Boron atoms are colored pink, nitrogens blue and hydrogens 
white. 
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Friction coefficient between surfaces can be derived from interaction energy minimum and 
maximum and calculating frictional forces as a function of the relative position of the 
sliding surfaces (see equation 2).24–27 For c-BN, the interaction energies were obtained by 
shortening the interplanar distance between the surfaces from 600 pm to 250 pm in steps of 
25–100 pm. The interaction energies of the BN–BN pairs for juxtaposed periodic BxNxH2x 
surfaces are presented in Figure 6. A potential energy minimum, if present, is found at an 
interplanar distance of 350–450 pm. In comparison to the periodic model, the cluster 
models have stronger attractive interactions. This is due to edge effects, which are absent 
in periodic systems. 
 
 
Figure 6. Interaction energies between periodic surface models of c-BN. The letters refer 
to the juxtapositions and numbers to the orientations illustrated in Figure 5. Note that in 
juxtapositions a and e, orientations 2 and 3 are equivalent due to symmetry. 
 
In sliding, the surfaces are put in motion relative to each other. The upper surface is 
considered to move along [111] direction. Since the models represent surfaces, the 
orientations follow each other in sliding path, which starts at orientation 2 and is followed 
by orientations 1 and 3 producing periodically repeating sequences. In general, for sliding 
to occur, the potential energy increase must exceed or be equal to friction losses 
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(DE≥DV).24 The friction coefficients in Table 2 are calculated for the case when sliding is 
just allowed (DE=DV). Generally, the friction coefficients obtained for the cluster models 
converge towards those obtained for the periodic model as a function of the size of the 
cluster. This is with two exceptions, the juxtapositions (b) and (f). Apparently, the strong 
edge effects in those two cases make the clusters inappropriate models for friction studies. 
 
The periodic calculations show clear trends for friction coefficients as a function of 
juxtapositions (Table 2). The highest friction coefficients are obtained at juxtapositions 
where the surface hydrogens point directly towards each other, namely a, c and e. 
Correspondingly, the lowest friction coefficients are obtained at juxtapositions where the 
surface hydrogens are staggered, namely b, d and f. The sliding is likely to occur along the 
path where friction is minimized, which is, when the surface hydrogens are staggered. 
 
Table 2. Calculated friction coefficients for c-BN models when DE=DV. 
 
Juxtaposition B6N6H24 B24N24H72 
Periodic 
BxNxH2x 
a 2.02 1.17 0.77 
b 0.21 0.15 0.29 
c 0.94 0.68 0.67 
d 0.43 0.39 0.26 
e 0.79 0.79 0.79 
f 0.14 0.13 0.21 
 
The friction coefficients calculated for juxtaposition f, where the surface hydrogens are 
staggered and the interplanar hydrogens are bound to nitrogens, deserve special attention. 
The lowest calculated friction coefficient of 0.21 is in a good agreement with experimental 
studies, friction coefficients of 0.1–0.2 having been reported for c-BN.33,96 The reason for 
the lowest friction coefficient for juxtaposition f can be understood from N(111) surface of 
c-BN being more stable than the B(111) surface.68 In conclusion, to minimize the friction 
between c-BN surfaces an optimal tribocontact would be interacting N(111) surfaces with 
the interplanar hydrogens staggered. 
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4.2 HEXAGONAL BORON NITRIDEII 
 
 
For h-BN, a total of four different cluster models and a periodic model were studied in two 
juxtapositions and their five relevant orientations (Figure 7). Orientation A represents a 
juxtaposition where boron atoms of the upper surface face boron atoms of lower surface 
while C represents a juxtaposition where boron atoms face nitrogen atoms. Orientations B 
and E are obtained by horizontal translation of one of the planes by r (r ~140 pm) and D by 
–r. One should note that translation of –r from A produces B due to the symmetry. 
Interaction energies between surfaces were calculated by decreasing the interplanar 
distance from its initial value of 800 pm to 200 pm in steps of 25–100 pm. The interaction 
energies calculated for each BN–BN pair were found independent on the size of the model. 
An example of interaction energies, for the case of the h-BN surface model B6N6H12, is 
presented in Figure 8. For each model, an energy minimum is found at a planar distance of 
approximately 3.5 Å, with the deepest minimum for orientation C and the highest for 
orientation A. 
 
 
Figure 7. The relevant orientations of two interacting h-BN surfaces. Boron atoms are 
colored pink, nitrogens blue and hydrogens white. 
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Figure 8. Interaction energies per BN–BN pair for borazine dimers after BSSE corrections 
as a function of interplanar distance. 
 
Two sliding paths were studied: syn and gauche. In syn path, the juxtapositions follow 
each other in the sequence ABB…, B being minimum and A maximum. Correspondingly, 
in gauche path they follow in the sequence CDE…, where C is minimum and D maximum. 
As in the case of c-BN, the normal load equivalent with DE=DV was calculated for both 
paths. Friction coefficients together with normal loads are given in Table 3. The friction 
coefficients are dependent on the size of the model, the differences becoming smaller when 
the size of the system increases. In the case of the gauche orientation, the friction 
coefficients converge close to 0.226, which is the value obtained for the periodic system 
and is close to the experimental value of 0.23–0.25 measured in dry air.96 When comparing 
to experimental studies, one should note that the surface of h-BN is apparently not 
uniform, and hence, both syn and gauche paths are likely to contribute to the friction. 
 
 
 
Table 3. Calculated normal loads and friction coefficients for h-BN models when DE=DV. 
 
 Normal load nN Friction coefficient 
 syn gauche syn gauche 
B6N6H12 0.58 1.87 0.179 0.114 
B24N24H24 0.80 1.43 0.164 0.181 
B54N54H36 0.91 1.29 0.159 0.195 
B96N96H48 0.95 1.23 0.154 0.199 
BxNx 1.05 1.18 0.265 0.226 
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4.3 ICE-Ih AND HEXAGONAL BORON NITRIDEIV 
 
 
The four relevant positions of oxygens closest to the surface are marked with black dots in 
Figure 9. The interaction energies between the surfaces of ice-Ih and h-BN were calculated 
for each position by decreasing the interplanar distance from 550 pm to 200 pm in steps of 
25–50 pm (Figure 10). The strongest attractive interaction is obtained for position 3, where 
the oxygen atom of H2O lies directly above the surface boron. Correspondingly, the 
weakest attractive interaction is obtained for position 1, where the oxygen lies directly 
above nitrogen. The energy minimum and maximum are found from path A, where the 
oxygens closest to the surface follow a repeating sequence of 1234… (see Figure 9). 
 
 
Figure 9. The sliding paths (1234… and 2424…) of ice-Ih on h-BN surface. Boron atoms 
are colored pink, nitrogens blue and hydrogens white. 
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Figure 10. Interaction energies between ice-Ih and h-BN for positions illustrated in Figure 
9 as a function of the interplanar distance. 
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The normal load and the friction coefficient, when DE=DV, which is, when sliding is just 
allowed were calculated. At DE=DV, the normal load is 1.6 nN, which is of the same 
magnitude as in the case of dry h-BN.II The calculated friction coefficient is 0.140, which 
is close to the experimental friction coefficient of 0.06–0.12 for water lubricated h-BN.96  
Experimental data of friction between ice and h-BN is scarce. 
 
4.4 SUMMARY OF PREDICTED FRICTION COEFFICIENTSII-IV 
 
 
The calculated friction coefficients of the studied materials, together with the available 
experimental values, are summarized in Table 4. In general, the calculations are in a good 
agreement with the experiments. The periodic models appear superior to the cluster models 
in friction studies. All juxtapositions of the interacting surfaces have to be considered to 
properly take the friction into account. In general, the sliding path on the surface where the 
interaction energy minimum and maximum are located produces the upper limit for the 
calculated friction coefficient. 
 
Table 4. Summary of predicted friction coefficients with comparisons to experimental 
values. 
Material Predicted value Experimental value 
c-BN 0.21–0.29III 0.1–0.232 
h-BN 0.226–0.265II 0.23–0.2595 
Ice on h-BN 0.140IV – 
 
At loads of several nanonewtons, the calculated friction coefficients appear reliable. At 
much higher loads resulting in structural deformation of the surfaces, the applied 
methodology would likely fail due to the frozen structure of the surfaces. Overall, friction 
coefficients of materials can be predicted by quantum chemical calculations, as shown here 
for cubic and hexagonal boron nitride. The detailed atomic-level understanding of the 
origin of friction could turn out helpful in design of surfaces with tailored friction 
coefficients. 
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5. TRIBOCHEMICAL REACTIONS BETWEEN 
SURFACES 
 
 
5.1 METHYLATED DIAMONDI 
 
 
Two cluster models, C28H48 and C46H72 (see Figure 1) were used to study the tribochemical 
reactions between two methylated diamond surfaces. Three sliding directions were studied 
(Figure 11). Direction 2 was favored in energy and was selected for further studies. Two 
interplanar distances of the diamond surfaces, 400 pm and 350 pm, were considered. 
Lateral displacement of methyl groups, which is the distance between the planar normals 
of the central carbons, was initially set to 330 pm. The lateral displacement was decreased 
in steps of 15 pm. 
 
Direction 1
Direction 2
Direction 3
 
Figure 11. Symmetric sliding directions of the studied triangular diamond surface models. 
 
The interaction energies of the methylated diamond surfaces are presented in Figure 12 as 
a function of the lateral displacement. Signs of tribochemical reactions were detected for 
the larger model, C46H72, at B3LYP level of theory. Not properly taking electron 
correlation into account, the HF method appears insufficient for the study of tribochemical 
reactions. Moreover, the tribochemical reaction is sensitive to the size of the surface 
model. In contrast to the larger surface model (C46H72), the smaller one (C28H48) is not 
sufficiently large to keep the methyl groups between the planes. Due to the artificial edge 
effect, the tribochemical reaction does not take place in the case of the smaller model. 
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Figure 12. Interaction energies calculated for cluster models C28H48 (A) and C46H72 (B). 
The tribochemical reactions are illustrated at the top for interplanar distances of 400 pm 
(left) and 350 pm (right). Carbon atoms are colored grey and hydrogens white. 
 
In the case of C46H72, a tribochemical reaction takes place at both planar distances (Figure 
12). At the planar distance of 400 pm, the breaking of the C–C bond from the central 
carbon to the methyl group is followed by the formation of a new C–C bond at the next 
surface carbon. At a planar distance of 350 pm, the displaced methyl groups switch 
surfaces. Both reactions could lead to the formation of carbon debris between the 
surfaces.16 
 
 
5.2 ICE-Ih AND HEXAGONAL BORON NITRIDEIV 
 
 
While calculating the friction coefficients between ice-Ih and h-BN, an attractive 
interaction of about 70 kJ/mol between the surfaces was noticed. Interaction energy of this 
magnitude suggests that chemisorption of H2O to the h-BN surface may take place (see 
Figure 10). Previous experimental studies of water-lubricated h-BN/h-BN systems have 
provided evidence of chemical wear between the surfaces.96–99 A tribochemical reaction 
2BN + 3H2O → B2O3 + 2NH3  has been suggested to occur when the h-BN surfaces are in 
a sliding contact in the presence of water.96  
 
The present calculations also give signs of tribochemical reactions between ice-Ih and the 
h-BN surface. The attractive interaction between the surfaces is the strongest at position 3 
(see Figure 9), where oxygens of H2O are directly above the surface borons of h-BN. To 
study the possible reaction, the interplanar distance was further shortened to 125 pm at 
position 3. At an interplanar distance of 125 pm the N–H and B–OH bonds were formed, 
as presented in Figure 13. The normal load equivalent for the start of the possible 
tribochemical reaction is about 6.42 nN. While this could be an initiation for the previously 
proposed tribochemical reaction 2BN + 3H2O → B2O3 + 2NH3, the result has to be 
considered preliminary at this stage. Realistic modelling of the reaction is a challenging 
task. Several issues would need to be taken into consideration, such as possible formation 
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of a tribolayer between the surfaces and melting of ice. Nevertheless, the study supports 
the possibility for such a reaction, which may turn out helpful in interpretation of 
experimental observations. 
 
 
 
Figure 13. A possible tribochemical reaction between the surfaces of ice-Ih and h-BN. 
Boron atoms are colored pink, nitrogens blue, oxygens red and hydrogens white. 
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6. CONCLUSIONS 
 
 
Tribologies of methylated diamond, cubic boron nitride and hexagonal boron nitride were 
studied with quantum chemical methods. Friction coefficients calculated for cubic boron 
nitride on cubic boron nitride and hexagonal boron nitride on hexagonal boron nitride 
sliding were in good agreement with experimental values. Friction coefficient was also 
predicted for ice on h-BN sliding, which is an example of a heterogeneous atomic level 
friction system. Signs of tribochemical reactions, which are rare in theoretical studies, were 
detected in methylated diamond sliding on methylated diamond and in ice sliding on h-BN. 
 
Periodic models were shown to be most suitable for friction studies, predicting friction 
coefficients in agreement with experimental values and more reliably than the applied 
cluster models. The choice of a periodic model is natural since in real friction processes 
periodicity is found in interacting surfaces. To achieve a representative picture of friction, 
several juxtapositions were taken into account for each studied material.  
 
The hybrid density functional B3LYP method was found appropriate for friction studies, 
describing repulsive interactions properly, and also revealing the possibility for 
tribochemical reactions between surfaces. The HF method was found insufficient for 
tribological studies, while the post-HF methods, such as MP2 were not practical for cluster 
models of this size and not even available for periodic calculations. 
 
In conclusion, computational quantum chemical methods give information on the origin of 
friction phenomena. This may help in designing surfaces with tailored frictional properties. 
Atomic scale studies can reveal tribochemical reactions, which indicate chemical wear of 
the surface materials. An advantage of computational methods is an ability to predict 
properties of materials which do not yet exist or where experimental data is difficult to 
achieve, thus making computational methods a valuable tool for tribology studies. 
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